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ABSTRACT 

The  report  describes  procedures  established  for  ballistic  and  material  testing  of  composite 
samples  in  relation  to  the  project  on  Battle  Damage  Repair  and  Vulnerability  Studies  (support  to 
AIR87).  Material  tests  of  the  samples  involve  measurements  of  the  strength  properties  with  Split 
Hopkinson  Pressure  Bar.  The  device  designed  and  built  up  in  WSD  is  briefly  described.  The 
report  summarises  the  protocol  and  principal  results  of  the  ballistic  and  material  tests. 
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Ballistic  and  Material  Testing 
Procedures  and  Test  Results  for  Composite 
Samples  for  the  TIGER  Helicopter  Vulnerability 

Project 

Executive  Summary 

The  AIR87  project  supports  the  introduction  into  service  of  Armed  Reconnaissance 
Helicopters  (ARH)  and  DSTO  is  taking  part  in  Operational  Tests  and  Evaluation  of  the 
ARH.  As  a  part  of  the  project.  Weapons  Systems  Division  ( WSD)  conducted  development 
of  procedures  and  preliminary  tests  on  the  ballistic  damage  of  helicopter  skin  made  from 
composite  materials.  The  protocol  development  and  tests  have  been  conducted  within  a 
project  covering  the  Battle  Damage  Repair  issues  for  the  Helicopter  in  operational 
conditions.  The  report  describes  procedures  used  for  testing  graphite  epoxy  composite 
samples  and  procedures  employed  for  the  impact  velocity  variations,  fixture  of  samples 
and  collection  of  results.  The  results  are  summarised  as  a  set  of  impact  and  residual 
velocities,  the  difference  between  these  is  critical  for  the  vulnerability  of  helicopter 
components  and  crew  shielded  by  the  skin.  More  detailed  analysis  of  the  issues  related  to 
energy  absorption  at  impact  along  with  implementation  of  an  appropriate  material  model 
in  the  LS-DYNA3D  hydrocode  has  been  published  in  the  20th  International  Symposium  on 
Ballistics  [1].  Constitutive  models  involved  in  the  hydrocode  modelling  of  the  high- 
velocity  impact  against  a  composite  target  require  material  properties  at  high  strain  rates. 
Such  data  can  be  obtained  with  an  apparatus  called  Split  Hopkinson  Pressure  Bar  (SHPB). 
A  SHPB  capable  of  testing  composites  has  been  designed  and  built  in  WSD  and  it  is  briefly 
described  in  the  report.  Preliminary  tests  with  the  SHPB  included  calibration  of  the  device 
and  testing  of  conventional  and  composite  materials.  The  tests  confirmed  the  credibility  of 
the  device  and  the  data  obtained  have  been  used  in  the  constitutive  model  employed  in 

[1] .  Processing  of  the  results  and  the  development  of  penetration  equations  suitable  for  use 
in  vulnerability  codes  has  been  published  in  the  21st  International  Symposium  on  Ballistics 

[2] .  Structural  analysis  of  the  post-impact  samples,  which  have  been  obtained  in  the 
present  tests,  as  well  as  an  ultra-sound  inspection  (C-scanning)  of  those  has  been 
published  by  J.  Wang  and  R.  Bartholomeusz  [3].  The  objective  of  the  present  report  is  to 
describe  these  procedures  and  methods  in  order  and  their  application  for  conducting  the 
ballistic  and  material  tests  on  ARH  composites  and  for  analysis  of  the  results  [1-3]. 

1 .  Resnyansky,  A.D.  and  Katselis,  G.,  2002.  "Oblique  Ballistic  Impact  Of  Carbon  Fibre 
Composite",  20"'  hit.  Symp.  on  Ballistics,  23-27  September  2002,  Orlando,  USA, 
Proceedings,  v.  II,  949-956. 


2.  Resnyansky,  A.D.  and  Katselis,  G.,  2004.  "Penetration  Equations  For  Normal  And 
Oblique  Impact  of  Small  Arms  Projectiles  Against  Carbon-Fibre  Composite  Targets", 
21st  Int.  Symp.  on  Ballistics ,  19-23  April  2004,  Adelaide,  Australia,  CD-ROM  Proceedings. 

3.  Wang,  J.  and  Bartholomeusz,  R.,  2004.  "Ballistic  Damage  In  Carbon/Epoxy  Composite 
Panels",  Journal  of  Battlefield  Technology ,  7(1):  7-13. 
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1.  Introduction 

The  battle  damage  repair  (BDR)  program,  associated  with  die  ARH  introduction,  requires 
an  assessment  of  damage  and  residual  strength  of  the  helicopter  structures  subject  to  small 
arms  projectile  impact.  The  structures  of  interest  for  the  assessment  are  secondary 
structures  like  composite  outer  skins.  The  objective  of  the  ballistic  protocol  is  to  describe  a 
procedure  for  obtaining  samples  damaged  under  controlled  impact  conditions.  An 
additional  purpose  of  the  vulnerability  assessment  (VA)  is  to  estimate  the  energy  absorbed 
by  the  samples  during  the  impact.  This  energy  can  be  an  important  factor  for  obtaining  a 
correlation  of  the  energy  absorption  results  with  measurements  of  residual  strength  in  the 
CAI  (compression  after  impact)  and  SAI  (shear  after  impact)  tests. 

The  residual  velocity  of  the  projectile  is  an  important  factor  for  vulnerability  assessment  of 
the  threat  to  the  structure  and /or  crew  behind  the  outer  skin  of  the  helicopter.  The  energy 
absorbed  by  the  skin  is  also  related  to  the  velocity  drop  associated  with  the  difference 
between  the  impact  velocity  and  the  residual  velocity  of  the  projectile  after  the  perforation. 

To  understand  the  nature  of  the  target  damage  and  derive  physically  based  penetration 
equations  for  VA,  a  hydrocode  simulation,  predicting  the  response  of  the  material  to  high- 
velocity  impact,  can  be  useful.  To  correctly  model  the  impact  response  of  composite 
samples  a  rate-sensitive  constitutive  model  is  required.  Such  a  model  [4],  employed  for  the 
hydrocode  simulation  [1],  needs  strain-rate  sensitive  material  properties  of  the  composite 
material.  The  simulation  can  improve  the  understanding  of  the  material  response  of  the 
anisotropic  materials  such  as  composites,  affecting  the  residual  velocity  especially  at 
oblique  impact. 

In  the  present  study,  the  projectile  damaging  the  helicopter  skin  during  the  ballistic  impact 
is  a  bullet  launched  by  a  small  arms  weapon.  Testing  of  coupons  made  from  carbon-epoxy 
composite  material  was  conducted.  Conventional  rifled  weapons  utilising  5.56x45  mm, 
7.62x51  mm,  and  12.7x99  mm  cartridges  were  used.  The  material  properties  have  been 
obtained  with  a  Split  Hopkinson  Pressure  Bar  (SHPB)  that  has  been  used  for  testing  of  the 
composite  samples  of  13x13x8  mm  dimensions  with  the  quasi-isotropic  layout. 


2.  Experimental  Set-Up  for  the  Ballistic  Tests 

2.1  Sample  Fixture  and  Dimensions 

Results  of  ballistic  tests  available  in  the  literature  suggest  that  the  damage  of  a  composite 
sample  at  high-velocity  impact  is  localised  within  a  zone  close  to  the  area  of  impact. 
Keeping  in  mind  the  moderate  size  of  the  projectiles  and  the  thicknesses  of  the  target,  the 
time  duration  of  the  penetration  process  (for  impact  velocities  ranging  between  300  and 
1200  m/s)  is  in  the  order  of  10-50  psec.  With  the  velocity  of  shear  waves  in  die  target  being 
in  the  order  of  2  mm/ psec,  the  impact  effect  extends  over  a  linear  distance  of 
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approximately  3-10  cm.  Therefore,  sample  dimensions  with  side  length  of  10  cm  were 
considered  to  be  reasonable. 


If  a  denotes  the  angle  between  the  line  of  fire  and  a  normal  to  the  target  surface  (the 
incidence  or  the  obliquity  angle),  then  the  actual  aim-spot  at  oblique  impact  increases  by 
1/ sin(a)  compared  with  the  normal  incidence.  This  factor  should  be  taken  into  account 
when  determining  the  sample  dimensions.  The  localised  damage  area  increases  in  the 
same  proportion,  but  the  effect  of  impact  due  to  propagation  of  the  shear  waves  is  nearly 
the  same  as  with  a  frontal  impact.  Therefore,  the  size  of  the  sample  in  the  relevant 
direction  for  oblique  impact  was  enlarged  (although,  not  proportionally  to  l/sin(a)). 


FI  S 


F2 


A 


Figure  1.  Assembly  of  the  sample  set-tip.  FI  and  F2  -  frames,  S  -  sample  (coupon),  A  -  completed 
assembly  (bolted). 

The  assembly  procedure  of  the  sample  set-up  is  shown  in  Fig.  1.  Sample  S  is  placed 
between  two  rigid  steel  frames  (FI  and  F2)  and  clamped  around  the  sample's  perimeter  by 
M6  socket  head  bolts.  The  sample  S  has  width  W,  length  L,  and  thickness  T  (see  Fig.  2  (a)). 
The  width  was  the  same  for  all  tests  for  the  vulnerability  assessment  and  this  was  100  mm. 
The  length  is  chosen  depending  on  the  incidence  of  bullet  impact.  For  ballistic  tests  with 
the  obliquity  angle  larger  than  45°  the  length  L  is  chosen  to  be  150  mm,  for  smaller 
obliquity  angles  the  length  is  coincident  with  the  width  and  it  is  100  mm. 

For  ballistic  tests  of  samples  prepared  for  the  CAI/SAI  tests,  the  samples  are  of  slightly 
different  dimensions  but  still  cover  the  minimum  impact  affected  zone  selected  above.  For 
the  CAI  tests  the  coupons  are  of  the  same  configuration  with  W=L=274  mm.  For  coupons 
used  in  theSAI  tests,  the  frame  is  supposed  to  be  of  larger  dimensions  than  that  for  the  VA 
tests  (LxW  is  approximately  250x250  mm)  and  the  configuration  of  the  frame  bolts  was 
aligned  with  the  internal  holes  (six  around  each  side)  manufactured  for  the  SAI  testing 
machine  (Fig.  2(b)). 
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Figure  2.  Samples  used  for  the  ballistic  testing,  (a)  -  schematic  of  a  sample  for  the  vulnerability 
assessment  and  for  the  CAI  tests;  (b)  -  a  sample  for  the  SAI  tests. 


Figure  3.  Schematic  of  the  fixture  used  for  the  sample  set-up.  The  sample  fixture  (disc  at  the  top)  is 
pinned  into  the  position  1  for  the  zero  obliquity  angle,  into  2  -  for  the  30°  obliquity 
angle,  and  into  3  -  for  the  60°  obliquity  angle. 

The  sample  set-up  described  in  Fig.  1  is  then  mounted  (bolted)  into  a  sample  fixture, 
which  is  a  disc  that  can  be  rotated  and  pinned  into  three  positions  on  the  target  stand  (Fig. 
3).  The  positions  were  varied  to  achieve  the  three  obliquity  angles  required  by  the  BDR 
program  specifications  of  0,  30  and  60  degrees  respectively. 

In  summary,  the  mounting  of  the  samples  using  this  arrangement  was  as  follows: 
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selected  sample  is  mounted  in  a  suitable  frame  (three  possible  options:  i)  the 
vulnerability  assessment;  ii)  the  CAI  tests;  and  iii)  the  SAI  tests).  This  is  then  assembled 
into  the  sample  set-up; 

the  sample  set-up  is  bolted  into  the  rotating  disc  sample  fixture; 
the  sample  fixture  is  mounted  onto  the  target  stand  according  to  the  required 
obliquity  angle. 


Figure  4.  Photograph  of  the  fixture  used  for  the  sample  set-up  (front  view  for  the  30°  obliquity 
angle  set-up). 

The  entire  sample  fixture  was  covered  by  thin  plastic  sheeting  (for  occupational  health  and 
safety  reasons)  in  order  to  contain  dispersion  of  the  composite  target  debris.  The 
subsequent  assembly  was  positioned  in  the  firing  range  as  described  in  the  following 
section. 

Several  Aluminium  and  GLARE  coupons  have  also  been  tested  against  the  ballistic  threat. 
The  same  sample  dimensions  at  normal  and  oblique  impact  conditions  have  been 
employed  and  the  same  method  of  clamping  has  been  applied.  Four  GLARE  coupons  with 
a  thickness  of  1.5  mm  have  been  tested.  The  GLARE  material  [5]  consists  of  2  layers  of 
Aluminium  with  the  epoxy  layer  in  between.  Projectile  calibres  used  for  the  testing  of  the 
GLARE  coupons  were  5.56  and  7.62  mm. 

2.2  Firing  Range  Set-up 

Basic  elements  of  the  current  firing  range  configuration  include  the  sample  set-up 
described  in  the  above  section,  a  firing  unit  (a  rifled  weapon  of  the  calibre  required)  and 
two  chronographs  (one  in  front  of  the  target  and  one  directly  behind  the  target)  (Fig.  5). 
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Chronograph  2  Sample  set-up  Chronograph  1 

Figure  5.  Layout  of  the  firing  range  set-up. 


=o 

Gun 


The  sketched  gun  shown  in  Fig.  5  consists  of  a  stationary  gun  mount  with  replaceable 
barrel  and  breech  unit.  In  the  current  test  program  the  following  calibres  were  used:  5.56, 
7.62  and  12.7  mm.  All  projectiles  were  of  the  full  metal  jacket  (FMJ)  or  ball  variety.  The  12.7 
mm-calibre  set-up  is  shown  in  Fig.  6. 


Figure  6.  Photograph  of  the  firing  unit  (gun)  in  the  working  position 


The  current  indoor  ballistic  range  set-up  is  limited  to  the  use  of  ball  ammunition  (not 
tracer  or  incendiary  types)  and  is  also  limited  to  the  velocity  range  that  can  be  achieved  by 
varying  the  propellant  charge  weights  and  the  cartridge  volume.  The  screens  of  each  of  the 
chronographs  are  spaced  lm  apart.  The  rear  chronograph  (corresponding  to  chronograph 
2  in  Fig.  5)  set-up  is  shown  in  Fig.  7. 


5 


DSTO-TR-1617 


Figure  7.  Photograph  of  the  rear  chronograph  (chronograph  2  in  Fig.  5)  with  the  target  stand 
shown  on  the  right  hand  side  (view  from  the  mirrors'  side). 


3.  Ballistic  Test  Results 


As  stated  earlier,  the  bullet  types  used  were  standard  military  ball  projectiles.  Typical 
projectile  weights  were  approximately  62  grains  for  the  5.56  mm-calibre  weapon, 
144  grains  for  the  7.62mm-calibre,  and  645  grains  for  the  12.7  mm-calibre.  To  achieve  a 
variety  of  velocities  for  the  vulnerability  assessment  data,  different  propellant  charge 
weights  and  propellant  types  were  used.  Standard  military  ball  ammunition  was  used  for 
reaching  maximum  velocity  in  the  tests.  The  average  velocities  for  these  were:  975  m/s  for 
the  5.56x45  mm,  880  m/ s  for  the  7.62x54  mm  and  900  m/s  for  the  12.7x99  mm  cartridges. 
More  precise  data  on  the  initial  velocity  V,  was  recorded  with  chronograph  1  (see 
schematic  in  Fig.  5)  and  listed  in  the  table  below,  which  summarises  the  results  of  the  test 
firings.  For  lower  velocities  the  following  reduced  charge  weights  were  used  for  the 
5.56  mm-cartridges: 

6  grains  of  HER2400  -  expected  velocity  of  350  m/s 

7  grains  of  AR2205  -  expected  velocity  of  360  m/s 

8.5  grains  of  AR2205  -  expected  velocity  of  470  m/s 

9.5  grains  of  Blue  Dot  -  expected  velocity  of  620  m/ s; 
for  the  7.62  mm-cartridges: 

9.5  grains  of  HER2400  -  expected  velocity  of  310  m/s 

11.5  grains  of  AR4201  -  expected  velocity  of  390  m/s 

12  grains  of  AR4201  -  expected  velocity  of  400  m/s 
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23  grains  of  AR2205  -  expected  velocity  of  630  m/s; 
and  for  the  12.7  mm-cartridges: 

62  grains  of  AR2206  -  expected  velocity  of  450  m/s. 

Here  HER  signifies  the  HERCULES  brand  of  propellant,  while  AR2205,  AR2206,  and 
AR4201  are  propellants  manufactured  by  ADI  (Australian  Defence  Industries).  It  should 
be  noted  that  a  modified  case  with  a  reduced  internal  volume  was  used  to  reduce  velocity 
of  12.7  mm-projectiles. 

The  ballistic  data  of  the  59  shots  that  were  undertaken  are  summarised  in  Table  3.1.  The 
Table  states  the  projectile  calibre  C,  the  sample  thickness  T,  type  of  material  (the  composite 
is  marked  as  CF  -  Carbon  Fibre),  the  obliquity  angle  a,  the  impact  velocity  Vi  measured 
with  the  first  chronograph  of  schematic  in  Fig.  5,  the  residual  velocity  Vr  measured  with 
the  second  chronograph,  and  an  evaluation  of  the  ballistic  limit  velocity  V50  conducted 
with  formulas  published  in  [2],  Traditionally,  V50  is  tire  impact  velocity  at  which  the  target 
perforation  occurs  with  the  probability  of  50%.  The  penetration  equation  involving  Vsoand 
the  details  associated  with  calculation  of  V50  are  also  discussed  in  [2], 


Table  3.1  Results  of  Ballistic  Tests 


SHOT# 

C 

T 

Material 

a 

Vi 

v. 

V50 

1 

5.56 

5.0 

AL 

0 

379.03 

284.58 

250.36 

2 

5.56 

5.0 

AL 

0 

974.75 

943.84 

243.52 

3 

5.56 

1.5 

CF 

0 

356.85 

350.34 

67.85 

4 

5.56 

3.0 

CF 

0 

337.64 

320.93 

104.90 

5 

5.56 

4.5 

CF 

0 

330.96 

298.77 

142.38 

6 

5.56 

4.5 

CF 

0 

460.98 

432.30 

160.06 

7 

5.56 

6.0 

CF 

0 

360.17 

304.72 

192.01 

8 

5.56 

6.0 

CF 

0 

621.43 

589.69 

196.06 

9 

5.56 

6.0 

CF 

0 

976.75 

949.31 

229.89 

10 

5.56 

1.5 

CF 

30 

340.07 

331.94 

73.92 

11 

5.56 

3.0 

CF 

30 

974.09 

954.56 

194.08 

12 

5.56 

1.5 

CF 

60 

359.47 

354.17 

61.50 

13 

5.56 

1.5 

GLARE 

30 

336.04 

302.85 

145.62 

14 

7.62 

5.0 

AL 

0 

882.07 

848.03 

242.68 

15 

7.62 

1.5 

CF 

0 

281.81 

271.96 

73.86 

16 

7.62 

1.5 

CF 

0 

414.97 

406.62 

82.83 

17 

7.62 

1.5 

CF 

0 

633.31 

628.02 

81.68 

18 

7.62 

3.0 

CF 

0 

295.31 

269.74 

120.20 

19 

7.62 

3.0 

CF 

0 

632.99 

622.24 

116.16 

20 

7.62 

3.0 

CF 

0 

881.91 

865.35 

170.10 

21 

7.62 

3.0 

CF 

0 

894.53 

879.20 

164.90 

22 

7.62 

4.5 

CF 

0 

284.01 

235.43 

158.85 

23 

7.62 

4.5 

CF 

0 

391.25 

369.37 

129.01 

24 

7.62 

4.5 

CF 

0 

886.76 

860.73 

213.28 

25 

7.62 

6.0 

CF 

0 

319.54 

245.34 

204.73 
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26 

7.62 

6.0 

CF 

0 

627.04 

600.82 

179.43 

27 

7.62 

6.0 

CF 

0 

870.32 

846.38 

202.73 

28 

7.62 

1.5 

GLARE 

0 

329.60 

314.12 

99.82 

29 

7.62 

1.5 

CF 

30 

399.36 

393.52 

68.05 

30 

7.62 

3.0 

CF 

30 

392.91 

384.39 

81.38 

31 

7.62 

3.0 

CF 

30 

638.73 

630.99 

99.13 

32 

7.62 

3.0 

CF 

30 

876.58 

865.05 

141.71 

33 

7.62 

4.5 

CF 

30 

392.43 

371.29 

127.06 

34 

7.62 

6.0 

CF 

30 

393.38 

348.83 

181.84 

35 

7.62 

1.5 

GLARE 

30 

402.19 

394.76 

76.95 

36 

7.62 

1.5 

CF 

60 

382.76 

379.29 

51.42 

37 

7.62 

1.5 

CF 

60 

885.35 

874.81 

136.21 

38 

7.62 

1.5 

CF 

60 

531.38 

520.94 

104.82 

39 

7.62 

3.0 

CF 

60 

395.29 

380.53 

107.01 

40 

7.62 

3.0 

CF 

60 

870.40 

853.24 

171.98 

41 

7.62 

3.0 

CF 

60 

886.05 

876.12 

132.28 

42 

7.62 

4.5 

CF 

60 

384.79 

337.04 

186.65 

43 

7.62 

4.5 

CF 

60 

875.35 

847.89 

217.53 

44 

7.62 

6.0 

CF 

60 

391.93 

274.55 

279.70 

45 

7.62 

6.0 

CF 

60 

865.05 

824.95 

260.32 

46 

7.62 

1.5 

GLARE 

60 

371.91 

339.97 

150.79 

47 

12.7 

5.0 

AL 

0 

910.41 

892.62 

179.10 

48 

12.7 

1.5 

CF 

0 

905.% 

904.98 

42.13 

49 

12.7 

3.0 

CF 

0 

438.33 

430.00 

85.05 

50 

12.7 

3.0 

CF 

0 

907.69 

904.81 

72.25 

51 

12.7 

4.5 

CF 

0 

456.33 

448.37 

84.86 

52 

12.7 

4.5 

CF 

0 

898.55 

892.22 

106.47 

53 

12.7 

6.0 

CF 

0 

449.52 

437.03 

105.23 

54 

12.7 

6.0 

CF 

0 

909.26 

897.99 

142.72 

55 

12.7 

3.0 

CF 

30 

901.23 

898.88 

65.04 

56 

12.7 

1.5 

CF 

60 

455.81 

453.17 

48.99 

57 

12.7 

1.5 

CF 

60 

883.63 

881.52 

61.03 

58 

12.7 

3.0 

CF 

60 

437.33 

431.09 

73.61 

59 

12.7 

3.0 

CF 

60 

912.57 

906.45 

105.51 

4.  Split  Hopkinson  Pressure  Bar  Tests 

4.1  The  SHPB  Set-Up 

The  Split  Hopkinson  Pressure  Bar  (SHPB)  is  used  for  measurement  of  yield  stress  of 
materials  at  high  strain  rate  conditions  [6].  The  schematic  of  the  measurement  device  is 
shown  in  Fig.  8. 
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Figure  8.  Schematic  of  the  Split  Hopkinson  Pressure  Bar.  Lo  is  the  striker  bar,  L  -  the  incident  (left) 
and  transmitting  (right)  bars.  Ls  -sample. 

Gauges  G1  and  G2,  which  are  mounted  at  the  centre  of  the  input  (incident)  and  output 
(transmitter)  bars,  are  recording  the  strain  pulses  (pulses  1  and  R  in  Fig.  8  by  the  input  bar 
gauge  and  T  -  by  the  output  bar  gauge).  These  records  inform  us  about  the  stress-strain 
response  of  the  sample  and  the  strain  rate  at  which  the  bar  is  loaded  [6].  When 
compressed,  a  sample  is  exposed  to  plastic  deformation  conditions,  whereas  the  bar 
elements  of  the  device,  made  of  maraging  steel,  are  under  elastic  deformation  conditions, 
because  the  ratio  of  the  bar  diameter  to  that  of  the  sample  is  selected  to  be  less  than  1. 
Therefore,  the  bar  diameter  is  critical  for  testing  composite  materials  because  the  structural 
features  of  the  material  sample  tested  should  be  essentially  less  than  the  sample  diameter. 
Thus,  the  use  of  miniaturised  SHPBs,  which  are  presently  very  popular,  is  limited  for  the 
testing  of  composites. 

The  necessary  length-to-diameter  ratio  [6]  of  the  bars  dictates  relatively  long  input  and 
output  rods  of  the  SHPB  device.  The  device,  which  we  designed  and  installed  in  the  WSD 
material  testing  laboratory,  is  shown  in  Fig.  9.  It  consists  of  two  2  m-length  and  2  cm- 
diameter  input  and  output  rods  mounted  on  a  heavy  I-beam  base.  The  firing  unit  is 
mounted  on  a  separate  stand  in  order  to  avoid  transmitting  the  shot  vibration  to  the 
gauges.  The  firing  unit  is  operated  remotely  and  utilizes  commercial  (Ramset)  propellant 
cartridges  allowing  us  to  employ  a  variety  of  striker  rod  lengths  (from  10  up  to  30  cm  in 
length). 
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Figure  9.  General  view  of  the  SHPB  designed  and  employed  in  IA/SD  for  testing  composite  samples 


Figure  20.  General  view  of  the  firing  unit.  The  unit  is  detached  from  the  main  components  of  the 
SHPB.  The  firing  is  managed  by  a  miniature  motor  operated  from  outside.  The  velocity 
of  the  striker  bar  is  measured  with  optical  sensors  and  displayed  on  the  electronic 
readout  located  below  the  barrel. 

The  firing  unit  is  shown  in  detail  in  Fig.  10.  It  consists  of  a  long  barrel  with  slots  for 
releasing  the  pressurised  gas  after  propellant  ignition.  The  striker  bar  is  separated  from  the 
breach  chamber  by  spacers  of  variable  length  in  order  to  allow  for  a  variation  of  the 
impactor  velocity  (by  varying  the  expansion  volume).  Different  strengths  of  cartridges  are 
also  used  for  the  same  purpose.  The  velocity  range  for  the  impactor  is  from  10  up  to 
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30  m/ s.  This  velocity  is  recorded  with  an  electronic  unit  based  on  the  optical  sensors.  The 
actual  surface  of  the  end  of  the  striker  bar  impacting  the  input  bar  is  slightly  rounded  to 
allow  for  smearing-off  of  the  front  of  the  stress  pulse. 

The  resulting  data  are  recorded  with  a  TDS-744  oscilloscope  with  signals  via  two 
Tektronix  ADA400A  differential  pre-amplifiers. 

4.2  The  Test  Results 


The  stress  pulses  have  been  calculated  using  1-wave,  and,  occasionally  2-,  and  3-wave 
analyses  [6],  In  the  simplest  case,  when  using  the  1-wave  analysis,  the  pulse  R  (Fig.  8)  is 
employed  for  calculation  of  strain  rate  and  the  pulse  T  is  used  for  calculation  of  stress.  The 
device  has  been  calibrated  without  a  sample  adjusting  the  stress  pulses  with  the  signal 
voltage  assuming  the  maraging  steel  properties  are  known  (supplier  data  have  been  used). 
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Figurell.  Data  from  gauges  G1  (left  plot)  and  G2  (right  plot)  for  a  copper  sample  at  the  striker  bar 
velocity  of  22.4  m/s. 


We  assumed  that  the  Young  modulus  E=210  GPa,  the  steel  density  is  p=7.85  g/cm3,  and 
the  elastic  wave  velocity  c  in  the  rods  is  calculated  as  follows  c=(E/ p)V2.  Then,  using  the 
velocity  u  behind  the  front  pulse  as  i<=V o/2,  where  Vo  is  the  velocity  of  the  striker  bar,  the 
stress  o  for  the  calibration  purposes  was  calculated  as  o  =  p  c  u.  The  calibration  resulted  in 
the  correspondence  of  240  mV  to  0.1  GPa=100  MPa. 

The  data  has  been  verified  with  copper  samples.  The  stress  pulses  from  the  gauges  G1  and 
G2  (Fig.  8)  are  shown  in  Fig.  11.  The  impactor  velocity  in  the  present  case  is  Vo=22.4  m/ s. 
The  voltage  has  been  replaced  by  appropriate  stress  from  the  results  of  calibration.  The 
OFHP  copper  samples  were  of  cylindrical  shape  with  a  height  of  5  mm  and  10  mm  in 
diameter. 
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Figure  12.  Stress  versus  strain  (left  plot)  and  strain  rate  versus  strain  (right  plot)  obtained  with  1- 
wave  analysis  of  the  strain  ptdses  for  the  copper  sample. 

The  result  of  processing  the  pulses  with  1-wave  analysis,  shown  in  Fig.  11,  gives  the  stress 
versus  strain  and  strain-rate  versus  strain  diagrams,  which  are  shown  in  Fig.  12. 


Figure  13.  SHPB  analyses  (stress  versus  strain)  of  the  test  of  Fig.  1 1  for  the  copper  sample:  2-wave 
analysis  (left  plot)  and  3-wave  analysis  (right  plot). 

The  yield  stress  is  slightly  less  than  that  published  in  [7],  probably,  due  to  the  fact  that  the 
strain  rate  in  the  tests  [7]  is  essentially  lower  than  the  one  achieved  in  the  present  tests. 
Comparison  of  the  present  results  with  experiments  published  in  [8-9]  on  the  testing  of 
copper  in  similar  conditions  demonstrates  very  good  agreement. 

The  results  of  2-  and  3-wave  analyses  shown  in  Fig.  13  demonstrate  low  frequency 
oscillations  associated  with  the  non-equilibrium  at  the  initial  stage  of  loading,  which  is 
discussed  in  detail  in  [10-11].  Specifically,  the  Pochhammer-Chree  oscillations  and  non¬ 
ideality  of  the  loading  stress  pulse  (a  deviation  from  the  Fl-shape)  may  result  in  a  slight 
divergence  of  the  yield  stress  level  between  the  1-  and  2-wave  analyses  for  hardening 
material  that  was  noted  in  [9, 11]. 
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Figure  14.  Stress  versus  strain  (left  plot)  and  strain  rate  versus  strain  (right  plot)  obtained  with  1- 
wave  analysis  of  the  strain  ptdses  for  a  composite  sample.  The  striker  bar  velocity  is  14 
m/s. 

The  result  in  Fig.  14  was  obtained  with  the  SHPB  testing  of  a  composite  sample  of 
13x13x8  mm  in  dimensions  and  an  impactor  velocity  of  14  m/s.  The  composite  sample 
was  of  the  quasi-isotropic  layout  (20  plies  in  the  wave  propagation  direction  with 
thickness  in  this  direction  of  8mm);  this  layout  provides  nearly  orthotropic  isotropy  of  the 
material  in  the  direction  of  loading.  The  dips  in  the  stress-strain  response,  shown  in  Fig. 
14,  possibly  result  from  a  delamination  when  loading  the  material. 


Figure  15.  Stress  versus  strain  (left  plot)  and  strain  rate  versus  strain  (right  plot)  obtained  with  1- 
wave  analysis  of  the  strain  pulses  for  a  composite  sample.  The  striker  bar  velocity  is  12 
m/s. 

Fig.  15  describes  similar  results  for  a  test  of  a  composite  sample  of  the  same  dimensions  at 
the  impactor  velocity  of  12  m/ s.  The  inverse  branch  of  the  stress-strain  response,  which  is 
associated  with  unloading  of  the  sample  after  the  compression,  is  typical  for  the  SHPB 
tests  and  it  does  not  characterize  material  properties.  Strain  rate  level  at  the  second  test  is 
slightly  less  than  previously  (1500  sec-1  instead  of  nearly  1800  sec-1  in  the  previous  test)  but 
allows  us  to  observe  some  rate  dependence  of  the  stress  response. 
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Figure  16.  Stress  versus  strain  (left  plot)  and  strain  rate  versus  strain  (right  plot)  obtained  with  1- 
wave  analysis  of  the  straw  pulses  for  a  composite  sample.  The  striker  bar  velocity  is  4 
m/s. 

For  completeness  we  describe  a  low  strain  rate  result  obtained  at  the  impactor  velocity  of 
approximately  4  m/s  (Fig.  16).  An  unusually  low  stress  response  could  be  associated  with 
several  factors:  voltage  resolution  of  oscilloscope  has  been  set  up  for  a  higher  impact 
velocity  (this  is  seen  as  a  non-smooth  stress  strain  diagram  in  Fig.  16);  extensive 
delamination  during  longer  time  of  loading  might  be  present;  and  the  adhesive  epoxy  has 
a  high  rate  sensitivity  (this  is  partly  confirmed,  for  example,  by  SHPB  data  for  epoxy 
published  in  [7]). 


Figure  1 7.  Summary  of  the  tests  on  the  stress-strain  response  for  the  carbon  fibre  composite  at  three 
strain  rates:  1  -  1800  sec-1;  2  -  1500  sec-1;  and  3  -  500  sec-1 

The  results  of  the  tests  for  the  carbon  fibre  composite  are  summarised  in  Fig.  17.  Strain-rate 
sensitivity  is  observed.  However,  repeating  similar  tests  would  be  useful  for  confirmation 
of  the  rate  sensitivity  of  the  material  stress  limit.  Reference  [12]  on  the  tensile  stress  limit  of 
a  carbon  fibre  composite  confirms  a  high-rate  sensitivity  and  the  present  level  of  yield 
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stress  observed.  In  addition,  reference  [13]  confirms  the  stress  level  of  400MPa  for 
compression  tests  with  a  SHPB  for  a  graphite  epoxy  composite,  not  supporting,  however, 
the  fact  of  very  high  rate  sensitivity  of  the  material. 


5.  Conclusion 

Testing  procedures  have  been  developed  for  conducting  ballistic  tests  of  composite 
samples  within  the  BDR  program.  An  experimental  facility  suitable  for  SHPB  testing  of 
composite  samples  has  been  designed  and  built  as  a  part  of  the  WSD  material  testing 
laboratory. 

An  experimental  program  has  been  realised  for  assessment  of  the  ballistic  and  material 
properties  of  helicopter  skin  materials.  The  preliminary  SHPB  results  have  been  used  for 
validation  of  a  constitutive  model  and  hydrocode  results.  The  ballistic  tests  have  been 
employed  for  derivation  of  analytical  penetration  equations  that  are  needed  for 
vulnerability  assessment. 
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